Thousands of small Open Reading Frames (smORFs) encoding small peptides of fewer than 100 amino acids exist in our genomes. Examples of functional smORFs have been characterised in a few species but the actual number of translated smORFs, and their molecular, functional and evolutionary features are not known.
3 ribosomes or ribosomal subunits. This novel combination of polysome fractionation and ribosome profiling we term 'deep polysome profiling'.
Annotated smORFs located in transcripts devoid of a canonical long coding sequence provide the most straightforward test for smORF functionality. We have assessed them in Drosophila S2 cells (17) , because the Drosophila genome includes a high proportion of smORF genes (some 829 smORF genes, or 5% of the total) and this cell line provides enough reproducible material. To enrich for actively translating smORF mRNAs we took advantage of the limited space within a smORF (≤303 nt).
Ribosomes can reach densities of 1 ribosome every 80 nt (18) , therefore on a smORF the maximum number of ribosomes associated would be 6, allowing for 5 ribosomes in the ORF, and 1 in the 5'-UTR, scanning. RT-PCR confirmed that smORF mRNAs were enriched in small polysomes compared to large polysomes ( Fig. S1A ). However, small polysomes (2-6 ribosomes/mRNA) also contain mRNAs for longer ORFs being translated at less than maximum level.
Deep polysome profiling captured regions of active translation with~80% of reads mapped to coding sequences ( Fig. 1B) , their frequency dropping off before the start and after the stop codons. The translation level of individual coding sequences was provided by ribosomal density (RPKM) (12) and likelihood that the whole ORF is translated, by coverage of the ORF by footprints. For genes we called translated, we required ribosome density to be above 7.7 and footprint coverage to be above 0.57, which are both above the 90 percentile of the values obtained for 3'-UTRs (Table   S1 ). These cut-offs are more stringent than previous ribosomal profiling experiments and standard RNAseq practice, and their combination should provide a robust 4 identification of genes that undergo active translation. To overcome the possible dependence of ribosome density on RNAseq efficiency (15) , we also used the relative metric translational efficiency (TE, RPKM of ribosome footprints/RPKM of total mRNA control reads) (12) . We observed that median TE was significantly higher in ORFs compared to UTRs and introns ( Fig 1C) . 5'-and 3'-UTRs showed comparable levels of TE after we removed putative upstream open reading frames (uORFs) from 5'-UTRs. As reported for ribosomal profiling, we observe triplet phasing in the mapping of our deep polysomal reads, reflecting the positioning of ribosomes on codons ( Fig. S1B ).
Small and large polysomes showed a marked difference in genome-wide ribosomal densities ( Fig. 2A ), compared to controls ( Fig. S1C, D ), suggesting that they contain different populations of mRNAs. Small polysomes contain mRNAs encoding long ORFs, but these have lower TE than when isolated from large polysomes (Table S2) , confirming that they were bound by fewer ribosomes. As designed, our experiment also detected smORFs with translation signatures, and these were enriched in small polysomes (Table S3 ), which contained double and all the smORFs in large polysomes (Fig. 2C ). The TE of smORFs from small polysomes is similar to the TE of long ORFs from large polysomes, indicating that smORFs are translated at similar levels to standard protein-coding ORFs (Fig. 1D ).
Altogether 198 smORFs passed the cut-off values to be deemed translated in this initial deep polysome profiling experiment (Fig. 2C ). This is nearly 72% of the smORFs transcribed in S2 cells in the total mRNA controls. To confirm and extend 5 the catalogue of translated smORFs we repeated the experiment but exclusively sequenced small polysomes. This extensive small polysome profiling yielded double the number ORF-mapping reads obtained in the previous small polysome profiling (Table S4) , and expanded the number of putatively translated smORFs to 234, which is 85% of smORFs we observe transcribed in S2 cells (Fig. 2D ). The genome-wide distribution of ribosome densities in the two small polysome profiling experiments was strongly correlated ( Fig. 2B ), suggesting that deep polysome profiling is highly reproducible.
The majority of reads in both our experiments and previous ribosomal profiling consist of rRNA sequences liberated during footprinting (Table S4 , (13) ). Therefore we introduced rRNA-depletion beads during footprint extraction (see methods), which produced a marked improvement in the ratio of reads mapping to mRNAs and increased the total number of ORFs detected (Table S4 , Fig. S2A ) but did not expand our overall catalogue of putatively translated smORFs (Fig. 2D ). The results of the three independent experiments are highly overlapping as 80% of putative translated smORFs were detected in all three datasets ( Fig. 2D ). By combining the three experiments we provide evidence that 236 smORFs are translated out of 274 transcribed in S2 cells (86%), which is very similar to the proportion of standard length protein-coding ORFs translated (82.8%) ( Fig. 2E ).
This high reproducibility might indicate that our screen for translated smORFs reached saturation, in other words, we have detected the near-total population of translated smORFs. To corroborate this, we compared our results with peptidomics data (Peptide Atlas, (19) ). We detect translation of 96% of smORFs with peptidomic 6 evidence in S2 cells ( Fig. 2F ), while only 3 smORFs whose translation we reject have similar evidence. This validates both our positive and negative results, confirming the thoroughness of polysomal ribo-Seq, which increases nearly 5-fold the number of smORFs with evidence of translation in S2 cells from 59 (proteomics) to 236. Our results seem extrapolable to in vivo, since we similarly detect as translated 90% of S2-transcribed smORFs with peptidomic evidence in any Drosophila tissue, while rejecting only 9 (10%) putative false negatives ( Fig. 2F ). Accordingly 202 smORFs detected as translated by us are transcribed in embryos, some 88 (40.2%) throughout the whole embryogenesis (Table S5 ). Overall, our 236 translated smORFs nearly doubles the previous number of smORFs with evidence of translation in any Drosophila tissue (147).
To validate the results of our smORF polysome profiling data we designed a peptidetagging assay ( Table S6 ), indicating that even lower levels of translation can give rise to detectable smORF peptides.
To assess the functionality of the translated smORF peptides, we studied their evolutionary sequence conservation as a proxy, since conservation usually implies selective retention of functional elements. We used phastCons (20) , which measures conservation between twelve insect species. We observed the phastCons values in canonical long protein-coding sequences and in intergenic sequences and obtained a cut-off value of 0.55 separating them (10% FDR). 93.2% of S2-translated smORFs have phastCons score above this threshold ( Fig. 4A) , indicating a conservation level similar to that of canonical long ORFs, and hence, a similar level of functionality for the encoded peptides. We extended the time frame of comparative genomics up to mammals by compiling orthologous gene pairs between fly, zebra fish, mouse and human. Almost half of translated smORFs have annotated vertebrate orthologs ( Fig.   4B ). Such deep conservation is also indicative of function for the encoded peptides.
In agreement, half of the translated smORF-encoding genes have revealed a function in S2 cell RNAi screens (21) (Fig. 4C ).
We studied the amino acid usage in translated smORFs, compared to canonical long proteins and expected random usage (see methods and Fig. 4D ). smORFs display a lower than random usage of arginine, which is a hallmark of translated proteins (22) .
However, smORFs display differential usage of several amino acids, characteristic of alpha-helices in canonical proteins (Fig. 4D ). This finding was corroborated by an abundance of putative transmembrane alpha-helices, in about a third of translated smORFs ( Fig. 4E ) compared to the expected 20% (23) . This is in agreement with similar findings in bacteria (1) and suggests that smORFs may represent a source of uncharacterised transmembrane peptides ( Fig. S4C ).
We note that the observed characteristics of translated smORFs (average size ( In summary, deep polysome profiling increases 4-fold the number of smORFs in Drosophila S2 cells with evidence of translation from 59 to 236, and suggests that smORFs are translated in a similar proportion to canonical proteins longer than 100 aa. These smORFs have conservation levels similar to canonical proteins, and half have so far displayed functionality in genetic tests. Extrapolation of our results could indicate that hundreds of smORFs are translated in higher organisms and that their peptides might be active particularly in cell membranes. We surmise that a whole class of hundreds of small, membrane-associated peptides is awaiting characterisation and they could alter our understanding of many cellular and organismal processes. Deep polysome profiling S2 cells were treated with cycloheximide (Sigma) at 100 g/ml for 3 min at RT before harvesting. Cells were pelleted for 8 min at 800 x g and washed with 1 X PBS with cycloheximide. Cells were resuspended in lysis buffer; 50 mM Tris-HCl pH8, 150 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, 1% NP40, 100 µg/ml cycloheximide, Turbo DNase (Invitrogen), RNasin® Plus RNase Inhibitor (Promega), cOmplete protease inhibitor (Roche). Nuclei were removed with a 5 min spin at 16,000 x g. Cycloplasmic lysates were loaded onto sucrose gradients and subject to ultracentrifugation. Gradients were pumped out, their absorbance at 254 nm plotted and fractionated. We used sucrose gradients to purify mRNAs in small polysomes, away from monosomes (80S), ribosomal subunits (40S, 60S) and large polysomes. Footprinting was performed overnight at 4°C with RNaseI (Invitrogen), stopped with SUPERase·In TM RNase inhibitor (Invitrogen) and then precipitated. mRNA from total cytoplasmic lysate, was purified using oligo (dT) Dynabeads (Invitrogen) and fragmented by alkaline hydrolysis. 28-34 nt ribosome footprints and 50-80 nt mRNA fragments were gel purified and prepared as previously described (12, 13, 24) for Next Generation Sequencing. Libraries were sequenced on Illumina HiSeq2000 and MiSeq machines with 50bp SingleEnd read protocol.
rRNA depletion
To generate ssDNA complementary to Drosophila rRNA, PCRs were performed to generate 500 and 1000 nt fragments of the rRNAs, using 5' biotinylated reverse primers (sequences available on request). A 5' biotinlyated oligo completementary to 2S rRNA, along with the PCR products were bound to magnetic streptavidin beads (Invitrogen). The second strand of the PCR fragments was washed away. Two rounds of 50 µl rRNA beads were used to deplete the all polysome sample prior to reverse transcription. 14 
RT-PCR
RNA from sucrose gradient fractions was precipitated with isopropanol and 0.3 M NaCl. Resuspended pellets were treated with Turbo DNaseI (Ambion), extracted with phenol/chloroform and re-precipitated. 1µg RNA was used in RT reactions with MMLV reverse transcriptase (Promega). cDNA was subject to PCR with primers for specific mRNAs with Taq Polymerase (Qiagen).
Footprint sequence alignment
Sequences were aligned to FlyBase (Release 5.50) annotated transcript with previously developed bioinformatics analysis (24) . Briefly, clipped and trimmed sequencing reads were aligned to an rRNA & tRNA reference using Bowtie shortread alignment program, discarding the rRNA and tRNA alignments and collecting unaligned reads. The unaligned reads were mapped to a genomic reference using the TopHat splicing-aware short-read alignment program. We only retained reads that were mapped to unique genomic locations. Alignments were accepted with up to two mismatches.
Footprint profile analysis
Profiles of ribosome footprints across a transcript were constructed by quantifying the number of footprint reads aligned at each position within the feature of interest. Two measurements were use to quantify translational level of a specific feature: ribosome density and coverage. Ribosome density was computed by scaling read counts for each feature-by-feature length and by the total number of genome-aligned reads (12) . Footprint coverage estimated the percentage of each feature covered by ribosome footprints. We used the coverageBed command of the BEDTools program for computing coverage.
Translation efficiency (TE) was calculated as the ratio between the ribosome footprint density and the mRNA-seq read density in the window. As the TE score is not a reliable estimator at low expression levels, we computed a TE score only for those features that had significant mRNA expression above a randomized genomic background (p < 0.01). We placed no restrictions on the significance level for the ribosome coverage. 15 
uORF identification
We identified canonical uORFs that initiate translation at AUG start codons based on the presence of an AUG followed by and in-frame stop codon within the annotated 5'-UTRs, using emboss getorf program. To exclude the possibility that the high ribosome occupancy observed in 5'-UTRs was due to the presence of upstream ORFs, we created a modified transcript that contained all regions except the putative uORFs for all our analysis on 5'-UTRs.
FlyBase smORFs analysis
We define smORFs genes as genes that encode for peptides of fewer that 100 amino acids long. Amongst FlyBase (release 5.50) protein-coding transcripts, 836 encode for peptides of less that 100 aa.
phastCons values
phastCons scores for 17,1317 alignment blocks were download from UCSC Genome Browser. We computed percentage overlap between the phastCons block and our feature of interest and estimated mean phastCons values for coding exon, intron, 5'and 3'-UTR regions of all FlyBase protein-coding genes.
Peptide Atlas
List of peptide CDS coordinates with protein identifiers (FlyBase peptide ID) was downloaded from Peptide Atlas database (http://www.peptideatlas.org) and compared to FlyBase annotated smORF peptide sequences. 138 smORF proteins were hit by one or more sequenced peptide from the database.
Functional analysis of smORFs
Prediction of transmembrane alpha helices was performed using TMHMM (http://www.cbs.dtu.dk/services/TMHMM/). Vertebrate orthologs were identified by Ensembl (http://www.ensembl.org/index.html). In house perl scripts calculated amino acid composition of CDS and used all FlyBase transcipts as the random control.
RNAi screen data was accessed through Flymine (http://www.flymine.org/) and GO term enrichment was calculated by Gorilla (http://cbl-gorilla.cs.technion.ac.il/) (25) . 16 
Cloning
The 5'-UTR and CDS of putative smORFs were cloned by PCR from S2 cell cDNA into pENTR TM /D-TOPO® (Invitrogen) and then into pAWF (http://emb.carnegiescience.edu/labs/murphy/Gateway%20vectors.html#), whose ATG start codon was mutated to GCG by site-directed mutagenesis. 
